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model	 that	 investigated	 the	conditions	under	which	different	adaptive	mechanisms	
(co)evolve,	 this	 study	 compares	 the	 ecological	 and	 evolutionary	 population	 conse-
quences	of	three	very	different	responses	to	environmental	heterogeneity:	matching	
habitat	choice	(directed	gene	flow),	adaptive	plasticity	(associated	with	random	gene	
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ary	 impacts	can	differ	greatly.	This	 study	primarily	aimed	 to	 illustrate	
in	a	heuristic,	proof-	of-	concept	manner	(Servedio	et	al.,	2015)	the	sim-
ilarities	and	differences	among	 these	mechanisms	 in	 terms	of	 conse-
quences	for	the	population.	We	do	not	discuss	how	these	mechanisms	
evolve	and	interact,	as	this	is	addressed	elsewhere	(e.g.,	Edelaar,	Jovani,	






The	 degree	 to	which	 organisms	 obtain	 a	 better	match	 between	
their	 pheno-	/genotype	 and	 the	 environment	 may	 vary	 depending	
















at	 fine	 spatial	 scales	 (Richardson,	 Urban,	 Bolnick,	 &	 Skelly,	 2014).	
Yet,	 the	 degree	 to	which	 adaptive	 population	 genetic	 divergence	 is	
achieved	 is	 largely	 dependent	 on	 the	 interplay	 between	 natural	 se-
lection	and	dispersal	that	can	swamp	the	effect	of	selection	by	intro-
ducing	 maladapted	 foreign	 alleles	 into	 locally	 adapted	 populations	
(Barton	&	Partridge,	2000;	Kawecki	&	Ebert,	2004;	North,	Pennanen,	
Ovaskainen,	&	Laine,	2011).	 In	classic	evolutionary	 theory,	dispersal	
is	 assumed	 to	 be	 random	with	 respect	 to	 genotypes,	 implying	 that	
local	 adaption	will	 only	 occur	when	 selection	 exceeds	 the	 homoge-
nizing	effect	of	gene	flow	(Edelaar	&	Bolnick,	2012;	Kawecki	&	Ebert,	
2004;	 Lenormand,	 2002;	 Richardson	 et	al.,	 2014).	 Constraining	 ef-





















erentially	 in	habitats	where	 they	are	more	camouflaged	 (Dreiss	et	al.,	
2012;	Gillis,	1982;	Karpestam,	Wennersten,	&	Forsman,	2012;	Rodgers,	
Gladman,	 Corless,	 &	Morrell,	 2013)	 or	 more	 physiologically	 adapted	
(Bestion,	Clobert,	&	Cote,	2015;	Jacob	et	al.,	2017).
The	interplay	between	spatially	divergent	selection,	plasticity,	and	











netic	diversity	 and	 structure	 in	 these	 cases	 can	vary	 radically:	 strong	
gene	flow	should	homogenize	the	genetic	pool	of	the	meta-	population	
and	 erode	 its	 genetic	 structure	 when	 it	 is	 random	 (Endler,	 1973;	
Hendry,	Day,	&	Taylor,	2001;	Lenormand,	2002;	Slatkin,	1987),	while	
it	 should	enhance	 genetic	 structure	and	protect	polymorphism	 in	 the	
meta-	population	when	it	is	nonrandom	(Berner	&	Thibert-	Plante,	2015;	
Edelaar	 &	 Bolnick,	 2012)	 as	 in	matching	 habitat	 choice	 (Armsworth,	
2009;	Armsworth	&	Roughgarden,	2005;	Edelaar	et	al.,	2008).





in	 combination	 in	 the	 same	 study	 (but	 see	 Edelaar	 et	al.,	 2017;	
Scheiner,	 2016).	 Such	 formal	 comparison	 is	 needed	because	 sim-
ilar	patterns	of	adaptation	or	population	structure	may	arise	from	
different	combinations	of	environments	and	mechanisms,	and	not	
distinguishing	 between	 them	 can	 lead	 to	 misinterpretation	 and	
misunderstanding	of	the	biological	processes	that	underlie	certain	
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empirical	patterns.	To	highlight	these	similarities	as	well	as	differ-
ences	 in	 the	 effects	 of	 the	 three	 compared	mechanisms,	we	 use	
a	 simplified	 individual-	based	 simulation	 modeling	 approach	 in	 a	
meta-	population	 framework.	We	explore	how	 the	degree	of	 local	









heuristic	 rather	 than	 realistic;	 therefore,	 we	 model	 and	 compare	
the	consequences	of	 these	adaptive	solutions	under	 five	extreme	
scenarios	(Figure	1).
2  | MATERIALS AND METHODS
The	 model	 we	 used	 to	 explore	 the	 above	 topics	 is	 an	 adaptation	
of	 the	 freely	 available	model	 developed	 by	 Edelaar	 et	al.	 (2017)	 to	
study	 the	evolution	and	 interaction	between	population	genetic	di-
vergence,	phenotypic	plasticity,	and	matching	habitat	choice.	Edelaar	





strained.	Building	upon	Edelaar	 et	al.	 (2017),	we	here	 simply	define	
fixed	 sets	 of	 conditions	 and	 trait	 states	 that	 best	 characterize	 and	
favor	each	of	the	three	compared	mechanisms.
2.1 | Model components: Environments and 
individual characteristics
2.1.1 | The environment
As	 in	Edelaar	 et	al.	 (2017),	 our	model	 aims	 at	 capturing	 and	under-
standing	general	patterns	that	are	not	necessarily	biologically	realistic	
yet	empirically	relevant	and	interpretable,	based	on	features	that	we	
considered	 to	be	 important	 a	priori.	 The	model	 starts	with	 a	popu-
















Patch 1 Patch 2
I. Natural selection 
+ low dispersal 
II. Natural selection 





V. Matching habitat choice 
+ directed dispersal
Population at generation 1
After 1,000 generations
Patch 1 Patch 2 Patch 1 Patch 2 Patch 1 Patch 2 Patch 1 Patch 2 Patch 1 Patch 2
Effects of natural selection > 
random gene flow: 
Local adaptation is reached 
both at the phenotypic and 
genetic levels. Standing 
variation is locally reduced 
Effects of natural selection < 
random gene flow: 
Lower (no) local adaptation 
due to homogenizing gene 
flow. Counteracting effects 
of dispersal and selection 
maintain large variation
Local adaptation is reached 
at the phenotypic level 
Strong genetic differentiation 
among patches due to drift. 
Both phenomena reduce 
standing local variation
Local adaptation is reached 
at the phenotypic level 
Dispersal homogenizes the 
meta-population genetically 
and maintains large genetic 
variation
Local adaptation is reached 
both at the phenotypic and 
genetic levels via directed 
gene flow. Standing variation 
is locally reduced 
3818  |     NICOLAUS ANd EdELAAR
Table	S1	for	description	of	model	components)	and	each	patch	receiv-
ing	10	individuals.	The	“environment”	trait	is	modeled	as	a	vector	with	








two	mechanisms.	At	model	 initiation	each	patch	 receives	 a	 random	
draw	from	the	range	0–360	but	after	that	patch	“environment”	value	
changes	in	time.	There	is	no	spatial	structure	to	the	patches	(see	visual	

























(“dispersal potential”).	Also	note	 that	 the	conceptual	 similarity	 in	de-
sign	among	those	four	traits	makes	the	comparison	between	plasticity	
and	matching	habitat	choice	straightforward	and	unbiased.	At	start,	








2.2 | Basic loop: Elements of each generation
The	simulation	 is	 in	discrete	time.	Each	model	 is	run	for	1,000	gen-













that	while	 this	would	 result	 in	 regression	 to	 the	mean	 (and	 loss	 of	
genetic	variation)	for	a	linear	trait,	this	in	principle	is	not	the	case	for	
a	 circular	 trait	 as	used	here	 (which	has	no	meaningful	mean	value).	
Inheritance	occurs	without	any	mutation,	except	 for	 “genotype”	and	
“neutral genotype”	which	are	 inherited	with	a	mutational	effect	 that	
is	modeled	 by	 extracting	 a	 pseudorandom	number	 from	 a	 negative	
exponential	distribution	 (Eyre-	Walker	&	Keightley,	2007)	character-
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(the	maximum	change	possible	for	a	circular	trait)	 (Table	S1).	As	the	


























with	which	 any	patch	 is	 included	 in	 this	 set.	 Then	 they	 use	 their	











values	for	“dispersal potential”	and	“dispersal habitat sensitivity.”
2.2.3 | Development
At	birth,	 the	 individual	phenotypic	value	equals	 its	genotypic	value.	

































Surviving	 individuals	 reproduce	 according	 to	 their	 reproductive	 po-
tential.	If	individual	“reproductive potential”	is	greater	than	a	randomly	




dispersal	 was	 not	 allowed.	 When	 reproduction	 is	 local,	 individuals	
reproduce	with	a	random	mate	from	within	their	patch.	 In	this	case,	




























��mismatch�� = (|��environment�� −�� phenotype��|)∕180
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habitat	choice)	by	combining	different	values	for	the	 inherited	dis-
persal	and	plasticity	traits	such	that	these	would	create	the	desired	




ticity potential”	and	“plasticity habitat sensitivity”	at	1,	but	“dispersal 
habitat sensitivity”	at	0).	Dispersal	potential	needed	some	additional	
choices.	As	matching	habitat	choice	benefits	 from	a	high	“dispersal 
potential,”	we	have	 fixed	 this	 trait	 to	 1.	 For	 divergence	by	 natural	
selection,	however,	we	have	allowed	“dispersal potential”	 to	evolve	
within	a	range	of	either	 low	(0–0.1)	or	high	(0.9–1)	values	 in	order	





above,	on	 top	of	 these	5	basic	 scenarios	we	also	varied	 the	mode	
of	reproduction	(local	or	global,	see	point	5.)	and	the	level	of	envi-










divergence	 is	 achieved	 and	maintained.	 Because	 our	 interest	 is	 to	
investigate	the	consequences	of	distinct	responses	to	environmental	




2.4 | Quantifying output population characteristics
From	each	model	 simulation	 run,	we	extracted	and	 inferred	several	
parameters	 characterizing	 the	 population	 after	 1,000	 generations	
(when	equilibrium	had	been	reached).
2.4.1 | Degree of local adaptation (mismatch)
To	measure	the	degree	of	 local	performance	at	 the	phenotypic	and	
genetic	 level,	 we	 calculated	 the	 mean	 population	 phenotypic	 (Δp)	




j,	Δgj	 the	mean	 genotypic	mismatch	of	 individuals	 of	 a	 patch	 j,	 and	










ulation	 genetic	 structure,	 that	 is,	 of	 differentiation	 at	 quantitative	
traits	 (Spitze,	 1993)	 with	 the	 difference	 that	 here	 the	 underly-
ing	 trait	 distribution	 is	 not	 necessarily	 normal.	 A	Qst	 value	 close	
to	 1	 indicates	 very	 strong	 population	 differentiation	 (relatively	
low	within-	population	 variance),	 a	 value	 close	 to	 0	 indicates	 very	









Information	(SI	4—Data	S1).	The	model	 is	 implemented	 in	Netlogo	
5.0.5	 (Wilensky,	 1999).	 NetLogo	 is	 freely	 downloadable	 from	
http://ccl.northwestern.edu/netlogo/download.shtml.	 Our	 open	
source	model	when	 opened	 in	NetLogo	 has	 a	 graphical	 interface	















3.1 | Degree of local matching




















     |  3821NICOLAUS ANd EdELAAR
This	 was	 independent	 of	 the	 degree	 of	 temporal	 environmental	





























dispersal	 (scenarios	 I,	 II,	 IV)	 and	 reproduction	 at	 a	 global	 scale	 are	
two	homogenizing	phenomena	that	erode	genetic	structure	both	for	








(a) (b) (c) (d) (e)
(f) (g) (h) (i) (j)
(k) (l) (m) (n) (o)
(p) (q) (r) (s) (t)
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all	genetic	variation	in	the	meta-	population	across	all	other	scenarios	













was	 global,	 genetic	mixing	 swamped	 adaptation	 to	 local	 conditions,	
single	genotypes	became	(nearly)	fixed,	and	Qst	values	of	all	scenarios	






ary	 population	 consequences	 of	 three	 distinct	mechanisms	 to	 cope	
with	 environmental	 heterogeneity.	 While	 our	 results	 reassuringly	








(a) (b) (c) (d)
(e) (f) (g) (h)
(i) (j) (k) (l)
(m) (n) (o) (p)
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as	compared	to	plasticity	and	selection:	 (1)	 it	 is	the	only	mechanism	
that	consistently	shows	adaptation	at	the	phenotypic	and	genotypic	







4.1 | Adaptation, population genetic structure, and 
evolutionary stability of meta- populations
Many	 empirical	 and	 theoretical	 studies	 have	 investigated	 the	 con-
straining	 role	 of	 random	gene	 flow	 in	 the	 local	 adaptation	 process.	
It	 is	 generally	 predicted	 that	 adaptive	 population	 divergence	 can	
only	be	achieved	when	the	effects	of	selection	are	stronger	than	the	
homogenizing	 effects	 of	 random	dispersal	 (Kawecki	&	 Ebert,	 2004;	
Lenormand,	 2002).	Unaffected	 by	 our	 simplifying	 (and	 therefore	 to	
some	 extent	 unrealistic)	 model	 assumptions,	 our	 simulations	 con-
firmed	that	this	is	the	case:	when	the	strength	of	selection	was	mod-
erate	(i.e.,	under	mild	and	predictable	environmental	changes),	a	high	











sitivity”	 traits	 were	 highly	 favorable,	 but	 importantly,	 also	 because	
these	 mechanisms	 allow	 locally	 mismatched	 individuals	 to	 improve	
their	performance	 (i.e.,	 it	enables	adaptation	at	 the	 individual	 level),	
whereas	selection	only	operates	 toward	 their	elimination	 (i.e.,	 it	en-
ables	adaptation	only	at	the	population	level).	It	is	for	this	reason	that	
individually	 flexible	 responses	 to	 environmental	 heterogeneity,	 such	
as	plasticity	and	habitat	choice,	evolve	via	natural	selection:	they	allow	
for	an	 increase	in	fitness	 in	otherwise	 locally	maladapted	individuals	
(Edelaar	et	al.,	2017).	Basically,	their	evolution	reduces	the	scope	for	
natural	 selection,	 and	 in	 the	 extreme	 case	may	 result	 in	 the	virtual	
elimination	of	it	(i.e.,	no	more	selective	mortality	and	reproduction).






mechanisms	 allow	 for	 quicker	 adaptive	 responses	 to	 environmental	
changes	 at	 the	within-	generation	 individual	 level,	 instead	 of	 at	 the	
between-	generation	 population	 level	 as	 for	 natural	 selection.	Given	
the	 unprecedented	 rate	 of	 environmental	 changes	 of	 our	 current	
time	 (e.g.,	 habitat	 fragmentation,	 Fahrig,	 2003;	 or	 climate	 change,	
Walther	 et	al.,	 2002),	 disturbed	 populations	 may	 thus	 increasingly	
rely	 on	matching	 habitat	 choice	 and	 plasticity	 to	 adapt	 and	 survive	
these	changes.	This	is	broadly	recognized	for	plasticity,	but	attention	
















ing	 habitat	 choice	 had	 a	 higher	 capacity	 at	 eliminating	maladaptive	
hybrids	from	the	meta-	population	than	natural	selection.	Additionally,	




fitness	 is	 positive	 frequency	 dependent).	 These	 results	 corroborate	
recent	modeling	 showing	 that	 the	negative	effects	of	 random	gene	
flow	 (e.g.,	preventing	 local	adaptation	via	migration	 load),	as	due	 to	
random	dispersal	or	global	mating	here,	dominate	its	positive	effects	
(e.g.,	 spreading	 beneficial	mutations)	whenever	 conditions	 of	 patch	
selection	favored	the	evolution	of	specialists	(Bourne	et	al.,	2014).
Adaptive	 population	 genetic	 differentiation	 will	 indirectly	 pro-
mote	positive	assortative	mating	(Jiang,	Bolnick,	&	Kirkpatrick,	2013)	
when	reproduction	happens	within	the	patch	of	settlement.	Because	







local,	we	 observed	maximal	 population	 genetic	 divergence	 at	 both	
functional	and	neutral	genotypes	 (Qst	and	nQst	=	1.00,	Figure	4k,l),	
and	 the	absence	of	 intermediate,	hybrid	genotypes	 (Figure	3o),	de-
spite	 the	 fact	 that	almost	all	 individuals	switched	between	patches	
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environmental	 gradient.	Hence,	 similarly	 to	 experimental	 results	 of	
Rice	 (1985)	where	differences	 in	 habitat	 preference	played	 a	more	
important	 role	 in	generating	 reproductive	 isolation	 than	assortative	
mating,	our	model	could	be	interpreted	as	a	model	of	sympatric	spe-







due	 to	 breakdown	 of	 genetic	 linkage	 disequilibrium	 (Felsenstein,	








lection	 and	 at	 the	 same	 time	 causes	 reproductive	 isolation.	To	 the	
extent	that	matching	habitat	choice	is	actually	involved	in	the	process	
of	local	adaptation	and	mating	is	local,	it	should	always	contribute	to	
a	 restriction	 of	 gene	 flow	between	 locally	 adapting	 populations.	 In	
addition,	matching	habitat	choice	 is	also	a	 so-	called	one-	allele	 trait	
(Berner	&	Thibert-	Plante,	 2015;	Gavrilets,	 2014),	 in	 the	 sense	 that	
it	is	selected	for	in	the	same	direction	in	all	individuals,	independent	
of	 their	 ecological	 characteristics	 and	 (sub)population	membership.	
This	 should	 further	 enhance	 the	 capacity	 to	 promote	 speciation.	
Nonetheless,	solid	empirical	evidence	supporting	a	role	for	matching	
habitat	choice	in	speciation	is	still	lacking,	as	far	as	we	know.
4.3 | Why is matching habitat choice not more 
prevalent in natural systems?
Our	 simulations	 reveal	 that	matching	habitat	 choice	 can	come	with	





One	reason	for	this	 is	 that	 there	might	be	 limitations	to	 its	evo-
lution	 in	nature.	First,	 the	 range	of	 species	 able	 to	evolve	matching	
habitat	choice	might	be	restricted.	This	is	because	adaptive	dispersal	





















































anywhere,	 and	 this	may	 come	 across	 as	 unrealistic.	However,	 this	
avoids	 genetic	 divergence	by	 isolation	by	distance	 (Wright,	 1943),	
which	 is	a	balance	between	diverging	genetic	drift	and	converging	
random	 gene	 flow	 and	 which	 is	 not	 of	 interest	 here.	 Also,	 when	
patches	have	distances	between	them,	the	probability	of	exploring	
a	 certain	 patch	 becomes	 a	 function	 of	 distance,	 but	 the	 shape	 of	
this	exploration	function	and	the	scale	of	any	spatial	autocorrelation	
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among	patches	then	become	important	conditioning	and	complicat-










conditions	 should	 favor	 adaptive	 tracking	 by	 phenotypes	 through	
natural	selection	(Botero	et	al.,	2015).	We	chose	this	approach	be-
cause	initial	simulations	showed	that	a	standard	deviation	of	10	for	
the	 environmental	 change	 distribution	 enables	 the	 maintenance	












results	by	modeling	population	 sizes	with	10	or	100	 individuals	 in	
each	of	the	100	patches	with	the	goal	of	perhaps	reducing	genetic	
drift	and	increasing	the	response	to	selection.	However,	these	sim-
ulation	 runs	 gave	 similar	 output.	Given	 these	 previous	 results	 and	
the	 fact	 that	 our	 independent	 replicates	 also	 gave	 very	 consist-
ent	results,	we	conclude	that	 random	genetic	drift	can	be	 ignored.	
Last,	individuals	of	the	same	population	were	mostly	monomorphic	
regarding	 their	dispersal	and	plasticity	 traits.	However,	 there	 is	 in-
creasing	empirical	evidence	that	within	populations,	dispersing	and	
nondispersing	 types	 differ	 in	many	 phenotypic	 traits	 forming	 cor-




to	 evaluate	 their	 influence	 on	meta-	population	 characteristics	 and	
stability	(Elliott	&	Cornell,	2012;	Fogarty,	Cote,	&	Sih,	2011).
5  | CONCLUSION
This	 study	 confirms	 that	 the	 ecological	 and	 evolutionary	 conse-
quences	for	meta-	populations	can	greatly	differ	depending	on	the	
mechanism	acting	in	response	to	environmental	change.	Particularly,	
it	 emphasizes	 that	 adaptive	 directed	 gene	 flow	 as	 due	 to	match-
ing	habitat	choice	can	be	as	(or	even	more)	powerful	 in	 leading	to	




result	 in	 very	 similar	 if	 not	 identical	 empirical	 patterns,	making	 it	
very	hard	 to	 infer	 the	operation	of	one	or	 another	process	based	
on	pattern	alone.	We	suggest	that	studies	of	local	adaptation,	after	











and	 Competitiveness	 (projects	 FPDI-	2013-	18670	 to	 M.N.	 and	
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